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Abstract
The 2D Cellular Automata model, MAGFLOW, simulates lava flows and an algorithm based on the Monte Carlo approach solves the an-
isotropic flow direction problem. The model was applied to reproduce a lava flow formed during the 2001 Etna eruption. This eruption provided
the opportunity to verify the ability of MAGFLOW to simulate the path of lava flows which was made possible due to the availability of the
necessary data for both modeling and subsequent validation. MAGFLOW reproduced quite accurately the spread of flow. A good agreement was
highlighted between the simulated and observed length on steep slopes, whereas the area covered by the lava flow tends to be overestimated. The
major inconsistencies found in the comparison between simulated and observed lava flow due to neglecting the effects of ephemeral vent for-
mation.
 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Forecasting of lava flow paths on a volcanic edifice requires
the development, validation and application of accurate and
robust physical-mathematical models able to simulate their
spatial and temporal evolution. Methods for modeling lava
flows attempt to simulate how the complex interaction be-
tween flow dynamics and physical properties of lava lead to
the final flow dimensions and morphology observed in the
field. The propagation of lava flows produced by volcanic
eruptions has been studied through field observations as well
as through analytical and numerical modeling (Hulme, 1974;
Young and Wadge, 1990; Harris and Rowland, 2001; Costa
and Macedonio, 2005; Del Negro et al., 2005). Lava flows
consist of an unconfined multiphase and multicomponent
stream whose temperature, rheology, and emission rate all
vary with time and space. Lava viscosity and yield strength
are related to temperature and crystallization. Because it is
hard to deal with so many parameters, simplified models
have been proposed using some approximations (Wadge,
1978; Huppert, 1982; Pieri, 1986; Crisp and Baloga, 1990).
Generally, these methods are based on empirically obtained
equations for very simple cases, and they are difficult to apply
in general conditions. An alternative approach to standard dif-
ferential equation methods in modeling complex phenomena is
represented by parallel computing paradigms, such as Cellular
Automata (CA). The CA are discrete dynamic systems (cells),
each of which may be in one of a finite number of states. The
states of the cells are synchronously updated according to lo-
cal rules (the evolution function) that depend on values of the
cell and the values of neighbors within certain proximity. In
this way, the CA can produce extremely complex structures
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from the evolution of rather simple and local rules (El Yacoubi
et al., 2003; Georgoudas et al., in press). Crisci et al. (1986)
were the first to introduce the CA approach in simulating
some real lava flows. A numerical simulation of lava flows
similar to CA was used by Ishihara et al. (1990), who started
from NaviereStokes equations and deduced numerical formu-
lations for discrete space and time intervals. Miyamoto and
Sasaki (1997) claimed to improve Ishihara’s method by con-
sidering the effect of self-gravity, for simulating lava flows
on a flat terrain, and the reduced random space technique, to
eliminate the strong dependence on the cell geometry and po-
sition of the flux induced by the evolution function (aniso-
tropic problem) without increasing calculation time.
However, this technique does not eliminate the mesh bias
and leads to non-physical solutions when accounting for the
cooling effect (Del Negro et al., submitted for publication).
The TecnoLab of INGV-Catania has recently developed
a new model based on Cellular Automata, called MAGFLOW,
for simulating lava flow paths and the temporal evolution of
lava emplacement on effusive volcanoes (Del Negro et al.,
submitted for publication). The key points of MAGFLOW are:
 two state variables are defined for each cell: thickness of
lava and quantity of heat, the other parameters are deduced
from these ones;
 the evolution function of the CA is a steady state solution
of the NaviereStokes equations for the motion of a Bing-
ham fluid on a plane subject to a pressure force in which
the conservation of mass, both locally and globally, is
guaranteed;
 the Monte Carlo approach is adopted to solve the
anisotropic flow direction problem.
The 2001 Etna eruption provided the opportunity to verify
the ability of MAGFLOW to simulate the path of the lava flow.
We will briefly summarize results obtained by comparing the
simulated and the real events.
2. Model description
The MAGFLOW model is based on Cellular Automata
(CA) in which the states of the cells are the thickness of
lava and the quantity of heat. The states of the cells are syn-
chronously updated according to local rules that depend on
the cell’s own values and the neighbor’s values within a certain
proximity. In this way, the CA can produce extremely complex
structures from the evolution of rather simple and local rules.
The evolution function of MAGFLOW is a steady state solu-
tion of NaviereStokes equations for the motion of a Bingham
fluid on an inclined plane subject to pressure force in which
the conservation of mass is guaranteed both locally and glob-
ally. This kind of evolution function induces a strong depen-
dence on the cell geometry and position of the flux, with
respect to the symmetry axis of the cell: flows on a horizontal
plane spread preferentially in the direction of the mesh (the
calculated length of lava flows depends on the relative direc-
tions of flow and the mesh). This problem affects the results
significantly, and becomes a serious issue especially for calcu-
lations of large-scale lava flows. In order to solve this problem
we used a Monte Carlo approach. We consider a cellular
automaton that has a randomized neighborhood, and define
the neighborhood as all cells (i) that are closer to the central
cell than a specified value R (Fig. 1). Therefore, we count
neighbors as those cells whose centers lie inside a circle of
radius R. The mean values of the parameters of the flows are
computed over a set of simulations. With this method, it was
possible to get cell geometry free results and to calculate
large-scale lava flows with no artificial anisotropy. To demon-
strate the validity of our method, we computed a two-dimen-
sional flow on a horizontal plane and compared the
morphology of the flow spreading with square and hexagonal
cells. The results of simulations showed that appropriate flow
spreading was obtained using solely square cells (Fig. 2).
Once the MAGFLOW structure was defined, we had to
establish the evolution function of the model, or the way in
which the cells evolve. Starting from the general form of the
NaviereStokes equations, we used the basic equations govern-
ing fluid motion considering the flow driven by the pressure
gradient as a result of the variation of flow depth. In this
way, it is possible to examine flows on a slightly inclined or
horizontal plane (steady state solution of NaviereStokes equa-
tions). Generally, lava flows are modeled as a Bingham fluid.
A Newtonian fluid will begin to flow as soon as a force is ap-
plied, while a Bingham fluid will flow only if the applied force
exceeds a critical value. In our simulation code, we assume
that the lava flow is a Bingham fluid characterized by a yield
strength (Sy) and plastic viscosity (h), and that it advances as
an incompressible laminar flow. The basic formula to calculate
the flux on an inclined plane was introduced in volcanology by
Dragoni et al. (1986). They deduced a steady solution of Na-
viereStokes equations for a Bingham fluid with constant
thickness (h), which flows downward due to gravity. The vol-
umetric flow rate (q) is:
q¼ Syh
2
crDx
3h

a3 3
2
a2þ 1
2

ð1Þ
where a ¼ h=hcr, hcr is the critical thickness and Dx the dis-
tance between two adjacent cells.
Other models based on this formulation were proposed in
the past (e.g. Ishihara et al., 1990), but they did not consider
the flow driven by the effect of self-gravity. This case was
Fig. 1. Scheme of a randomized neighborhood in a cellular automata mesh.
2 A. Vicari et al. / Environmental Modelling & Software xx (2006) 1e7
+ MODEL
ARTICLE IN PRESS
Please cite this article in press as: Vicari, A. et al., Modeling of the 2001 lava flow at Etna volcano by a Cellular Automata approach, Environ. Model. Softw.
(2006), doi:10.1016/j.envsoft.2006.10.005
ENSO1927_proof  13 December 2006  2/7
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F
introduced by Miyamoto and Sasaki (1997) and Mei and Yuhi
(2001).
The critical thickness (hcr) depends on the yield strength
and the angle of the slope (a), as described by:
hcr ¼ Sy
rg

sina vh
vx
cosa
zSy
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dz2þDx2p
rgðDzDhÞ ð2Þ
where r is the density of lava, g the acceleration due to gravity,
Dz the difference in height between two cells, and Dh the in-
crease in cell thickness. Equations (1) and (2) are applied to
the numerical calculation of flux of lava between two adjacent
cells. As illustrated in Fig. 3, the term Dh represents the
effective difference between the lava thicknesses of adjacent
cells: case 1 corresponds to a flow on a horizontal plane;
case 2 corresponds to a normal flow from a higher position
to a lower position, and case 3 applies to an overflow from
a lower position to a higher position.
Lava moves when the thickness attains the critical value
and the basal stress exceeds the yield strength. The lava flow
morphology is strongly controlled by viscosity and the yield
strength, which depend mainly on the temperature (T )
(Pinkerton and Stevenson, 1992; Harris and Rowland, 2001).
In the simulator, we took into account the viscosity relation-
ships by Giordano and Dingwell (2003), parameterized in
terms of temperature and water content (0.02 wt% H2O) for
Etna basaltic rocks, and the yield strength relationship pro-
posed by Ishihara et al. (1990).
In the same way, it is possible to calculate lava cooling. At
any time t, the heat content of lava (Qt) in each cell is carried
in accordance with the flow motion. The temperature of the
lava in a cell is considered as uniform: vertical temperature
variation is neglected. For the cooling mechanism, we con-
sider the radiative heat loss (DQt,r) only from the surface of
the flow (the effects of conduction to the ground and convec-
tion to the atmosphere is neglected), and the change of heat
(DQt,m) due to the mixture of lava between cells with different
temperatures, hence:
QtþDt ¼ Qt þDQt;mDQt;r ð3Þ
Fig. 2. Distribution of a two-dimensional isothermal flow under the Bingham
assumption on a horizontal plane using (a) square and (b) hexagonal cells. The
comparison of the morphology of the distribution of the flow with (top of both
pictures) and without (bottom of both pictures) the application of the Monte
Carlo approach is shown. The flow spreads maintaining a circular shape
only using square cells.
Fig. 3. Definition of effective thickness Dh of lava flow. It is possible to
distinguish between Dh positive (cases 1.a, 2.a, 3.a), where the mesh is higher
than next one (forward flow with respect to the normal direction), and Dh
negative (cases 1.b, 2.b, 3.b), where the mesh is lower than next one (reverse
flow with respect to normal direction).
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where:
DQt;m ¼
 X
qi>0
qiTiþ
X
qi<0
qiT
!
rcvDt ð4Þ
and
DQt;r ¼ e A s T4Dt ð5Þ
where T is the temperature of the central cell, Ti is the temper-
ature of neighbor cells, qi is the flux between the central cell
(i.e. the cell for which the state variables are updated) and
its i-th neighbor, cv is the specific heat per unit mass, e is
the emissivity of lava, A is area of the cell and s is the
StefaneBoltzmann constant (5.68  108 J m2 s1 K4).
Then, the new temperature from the calculated heat change is:
TtþDt ¼ QtþDt
rcvhtþDtA
ð6Þ
where htþDt is the new thickness.
The necessary data to run MAGFLOWare the digital eleva-
tion model (DEM), the conditions for extrusion of lava, and
the physical and rheological properties of lava. At the initial
state, the thickness of lava at each cell is set to zero. The
lava flow starts discharging at a certain rate from a cell (or
more cells) corresponding to a vent. The thickness of lava at
the vent cell increases by a rate calculated from the volume
of lava extruded during each time interval (of course, the
flow rate for each vent can change in time). When the thick-
ness at the vent cell reaches a critical level, the lava spreads
over the neighbor cells. Next, whenever the thickness at any
cell exceeds the critical thickness, the lava flows to the
adjacent cells.
In order to obtain a stable solution, and to complete a sim-
ulation in a short time, it is important to make a proper choice
of the time stepping (Dt). In this regard, it is important to note
that the thickness at each cell cannot assume a negative value.
This condition is satisfied if Dt is selected as follows:
Dt <<minover all the cells

3hDxh
Syh2cr

a3  3
2
a2þ 1
2

ð7Þ
Moreover, the time stepping is adaptive in the sense that for
each iteration we choose the maximum value that satisfies
the relationship (7).
3. Application to 2001 Etna eruption
The MAGFLOW model proposed here was applied to
reproduce a lava flow formed during the 2001 Etna eruption.
This eruption provided the opportunity to verify the ability
of our model to simulate the path of lava flows. This operation
was possible due to the availability of the necessary data for
both modeling and subsequent validation. We simulated the
effusive activity produced from an eruptive vent near Mt.
Calcarazzi (southern flank of Mt. Etna) at 2100 m a.s.l.
(UTM coordinates: 500506, 4173306), during the period of
18 Julye9 August (INGV-CT, 2001). The lava flow was fed
by a medium effusion rate and, due to the quite steep slope,
it flowed quickly southwards directly towards the towns of
Nicolosi and Belpasso.
The 3D reconstruction of the topographic surface was based
on two available vector contour maps: the 1998 map of Cata-
nia Province to obtain the pre-eruption surface, and the 2001
map produced by Provincia Regionale di Catania to update
the topography after the eruption (Coltelli et al., submitted
for publication). By interpolating the data obtained from the
contour lines, two Digital Elevation Models (DEM) were
extracted. The spatial resolution of the DEMs was fixed by
choosing a cell size of 10  10 m, which was considered
appropriate to the map scale of the source data (1:10,000).
By differencing the two DEM within the reconstructed flow
field area, an estimate of volume of the lava emitted was
obtained.
Lava flow planar evolution was also reconstructed on the
basis of the interpretation of digital images acquired during
daily overflights performed over the eruption area (Coltelli
et al., submitted for publication). The estimated daily flow
areas, in addition to field measurement of levees and front
thicknesses, were utilized to evaluate the flow rate temporal
evolution, which was adopted to carry out this simulation
(Fig. 4). The maximum value of flow rate was reached be-
tween the 4th and the 6th day of eruption, after which the
rate gradually decreased. Additional input data were defined
by using typical values attributed to Etna lava flows and are
reported in Table 1 (Kilburn and Guest, 1993; Harris et al.,
1997).
Fig. 4. Values of flow rate used for the simulation of 2001 Etna eruption. The
temporal evolution of the effusion rate is derived using the estimated volumes
of emitted lava obtained multiplying the average thicknesses evaluated in the
field by the corresponding areas reconstructed from digital images. The final
volume estimate was obtained by subtracting pre-eruption DEM from post-
eruption DEM (Coltelli et al., submitted for publication). The relative error as-
sociated to the final volume estimate is less than 2%. The trend of the effusion
rates used in the simulation are constrained by the knowledge of a quite accu-
rate (relative error less than 2%) final volume estimate.
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Fig. 5 shows the comparison between the observed and
simulated lava planar distribution corresponding to five dates
between the 18th and the 26th of July, when the flow attained
its maximum expansion, and to the eruption end (9 August,
2001). The analysis of the simulation results was not per-
formed after the 26th of July because no significant changes
in the planar distribution are observed. Fig. 6 shows, at the
six selected dates, the quantitative comparison between the
simulated and observed geometrical flow dimensions, i.e.
lengths, evaluated along the flow direction, total areas and dif-
ferences (positive and negative) between simulated and real
lava distribution.
The MAGFLOW model was able to quite accurately repro-
duce the time of advancing of the lava flow, demonstrating its
potential for simulation of the evolution time of a lava flow.
Fig. 5 highlights the presence of some minor lateral branches
overrunning the real flow limits, probably related to topo-
graphic artifacts. Major discrepancies are observed on the
18th of July and starting from the 22nd of July. On the first
day of the eruption, the simulated flow was about 600 m lon-
ger than the observed flow, probably due to an overestimation
of the initial flow rate. On 22nd of July the simulated length is
in accordance with the observation, though the flow front ap-
pears wider. After this date, no significant variation of the
maximum length resulted from the simulations, while on the
contrary the real lava flow advanced until the 26th, flowing
in an area characterized by a very low slope angle. The simu-
lated flow on the last eruption day (9th of August) does not
reproduce the eastern branch outpoured after the 26th of
July from ephemeral vents. Actually, MAGFLOW does not
yet take into account the opening of ephemeral vents that
may induce changes in the flow field shape.
The overall evaluation of the MAGFLOW model perfor-
mances highlights a good agreement between the simulated
and observed length on the steep slope. The comparison is
worst when lava flowed over areas characterized by lower
slope angles. The model tends to overestimate the area
Table 1
Typical parameters for Etna lava flows
Parameter Symbol Value Unit
Density of lava r 2700 kg m3
Specific heat cv 1150 J kg
1 K1
Emissivity of lava e 0.9 e
Temperature of solidification Ts 1143 K
Temperature of extrusion Te 1360 K
Fig. 5. Temporal evolution of lava flow emplacement between 18 July and 9 August. Differences between observed and simulated lava flow areas are also shown: in
red underestimated area (only the real flow is present), in yellow overlapping area (both real and simulated flows are present), in blue overestimated area (only the
simulated flow is present).
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covered by the lava flow, probably due to some problems in
the modeling of the lava rheological behavior and/or cooling
process. Local discrepancies between simulated and observed
areas are probably due to topographic artifacts of the low
DEM resolution. Furthermore, the major inconsistencies
observed in the final phase of the eruption should be
addressed to the neglecting of the ephemeral vents formation.
This dominates the lava field evolution after 26th of July
when the single flow advance stopped and a complex
overlapping of secondary flows from the main channel and
ephemeral vents occurred (Coltelli et al., submitted for
publication).
4. Concluding remarks
The MAGFLOW model was used to simulate a real lava
flow event occurring on the southern flank of Etna volcano
during the 2001 eruption. The MAGFLOW model was able
to quite accurately reproduce the time of advancing of the
lava flow. The good performance obtained makes the model
an efficient and robust tool for estimating the areas that will
be affected by potentially destructive lava flows. Conse-
quently, this tool could be a key extension of an efficient mon-
itoring system of the lava flow eruption, like that operating at
Etna volcano. The reliability of parameters derived from the
analysis and interpretation of field data, such as those useful
for the estimation of the flow rate, has allowed us to verify
the capability and performance of the modeling implemented
in MAGFLOW. It was also demonstrated that in order to
simulate realistic scenarios, data collected on site during the
evolution of the eruption are necessary.
Despite the quite satisfactory results obtained in this work,
it should be noted that lava flow propagation depends on
many factors such as the characteristics of magma feeding
system, the lava’s physical and rheological properties, the
topography and on the environmental conditions. Many of
these parameters may change rapidly during an eruption mod-
ifying the lava flow behaviors. Thus the potential of the
MAGFLOW model, as well as other simulation approaches,
depends greatly on the quality of input data. In this respect,
a parametric study on the major computational variables
should be conducted in order to guarantee an adequate
resolution of the large-scale processes and to optimize the
computational time.
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